objective In 2015, New Delhi witnessed a massive outbreak of Dengue virus (DENV) resulting in high morbidity and mortality. We report the molecular characterisation of the dominant circulating DENV strain to understand its evolution and dispersal.
Introduction
Dengue, one of the most important mosquito-borne viral diseases, is a global health problem [1] . The virus belongs to the Flaviviridae, genus Flavivirus and consists of a single-stranded, positive-sense RNA as its genetic material [2] . Based on sequence diversity, it is classified into four distinct serotypes, each serotype is further grouped into various genotypes [3] . Infections by Dengue virus (DENV) are either asymptomatic or self-limiting, presenting with acute febrile illness often accompanied by rash. However in some cases, serious complications may arise: high fever, irreversible damage to blood vessels, hepatomegaly, bleeding from nose and gums and failure of the circulatory system. Infection with any of the serotype leads to lifelong immunity to that particular serotype [4] . All four serotypes have been found to be responsible for DENV epidemics [4] . Secondary infection caused by a different serotype of DENV is often more dangerous due to antibody-dependent enhancement (ADE) resulting in high viraemia [5, 6] .
The first outbreak in Delhi was reported in 1996 [7] . In the last 15 years, DENV fever outbreaks in Delhi have been occurring every 3-4 years [8] [9] [10] . Many factors have been attributed to the spread of DENV, which has led to wider circulation of DENV in India in the past few decades [11] . With 15 867 cases and 60 deaths, the 2015 DENV outbreak in Delhi was the worst in 20 years (http://www.nvbdcp.gov.in/den-cd.html).
DENV serotype 2 and serotype 3, the 'virulent' serotypes, have mostly been associated with outbreaks [12] . Studies have shown the association of enhanced severity of dengue during outbreaks with serotype (DENV-2 to DENV-1) and genotype (DENV-2 genotype IV to genotype I) shifts [13] [14] [15] . Even changes at the lineage level have been attributed to disease severity in dengue virus, as observed with DENV-3 serotype in Sri Lanka [16, 17] . Circulating DENV from Delhi has also been reported to shift in serotypes between outbreak and nonoutbreak infections [18] .
This study focuses on genetic characterisation of DENV serotype circulating in the 2015 outbreak in New Delhi, using the Envelope (E) gene and studying its molecular evolution in the context of global DENV-2 serotype sampled across the period 1944 to 2016. E gene was selected for analysis as it is known to be under immune selection pressure [19] .
Materials and methods

Patient selection and sample collection
This was a retrospective study carried out from August 2015 to December 2015 in a tertiary care liver hospital in New Delhi, India. All consecutive patients with signs and symptoms (according to WHO guidelines) suggestive of DENV infections visiting the OPD or admitted in IPD were tested for DENV infection [20] . Plasma was separated from blood samples and stored at À80°C till further testing.
DENV diagnosis
DENV was diagnosed with Dengue NS1 Ag if the sample was collected within the first 5 days of onset of clinical symptoms, and with Dengue IgM capture ELISA if the sample was collected after 5 days of onset of clinical symptoms. Dengue IgG testing was performed using Dengue IgG capture ELISA to detect prior exposure. Dengue NS1 Ag ELISA, IgM and IgG ELISA tests were purchased from PANBIO (Gyeonggi-do, ROK).
RNA extraction, RT-PCR for and sequencing
RNA was extracted using QIAamp Viral RNA Mini Kit (Qiagen, GmBH Germany) according to manufacturer's instructions. DENV detection and typing were performed according to Lanciotti et al. with slight modifications [21] . cDNA was synthesised using Quantitect reverse transcriptase kit (QIAGEN, GmBH Germany) according to manufacturer's instructions. 511-bp product of C-PrM gene was amplified with D1 and D2 primers using Phusion high-fidelity DNA polymerase (Thermofisher Scientific, MA, Waltham) (Table S1 ). Envelope gene amplification was performed using in-house designed primers (Table S1 ). PCR amplicons were gel-purified using QIAquick gel extraction kit (QIAGEN, GmBH Germany) as per manufacturer's instructions. Purified amplicons were subjected to Sanger sequencing using ABI 3730 DNA analyzer (Thermofisher Scientific, MA, Waltham).
Sequence analysis and phylogenetic reconstruction
Forward and reverse sequence reads were aligned and assembled using DNA Baser v3.5.1 (Heracle BioSoft SRL, Romania) and subjected to similarity search using Nucleotide BLAST program. Sequences were aligned using Clustal W program in BioEdit software (v7.2.5). A phylogenetic tree was constructed using the Maximum likelihood method in MEGA7 with 1000 bootstrap replicates [22] .
Selection pressure analysis using Selecton server SELECTON server was used to assess sites undergoing positive selection at a single amino acid site of DENV-2 E gene. Two data sets were used for this analysis, one data set comprising Indian cosmopolitan strains and another comprising all cosmopolitan strains. The x ratios (ka/ks) were calculated using M8 [23] , M8a [24] , M7 [25] , M5 [26] and MEC [25, 26] models.
Molecular clock analysis using Bayesian MCMC
Data set for molecular clock analysis comprised of 13 Indian DENV-2 sequences reported in this study and 136 DENV-2 global sequences retrieved from PubMed. Sequences with query coverage <90% and sequence similarity >99.5% were excluded from the study. Rate of nucleotide substitution and time to most recent common ancestor (TMRCA) of DENV-2 strains were calculated by using Bayesian MCMC approach implemented in BEAST v1.8.4 [27] . Best fit nucleotide substitution model was determined by Akaike information criterion, corrected (AICc) using MODELTEST in MEGA7 [28] . We employed relaxed uncorrelated exponential molecular clock with constant population growth model as described earlier [29] . MCMC chain was run for 50 000 000 steps with parameter values sampling at every 1000 steps. Three independent MCMC analyses were performed, and the resulting log files were combined using Log-Combiner v1.8.1 with 10% burn-in sets for each run. Log files were visualised using Tracer v1.6 to check chain convergence and also to ascertain whether an effective sample size (>200) had been reached for all parameters (http://evolve.zoo.ox.ac.uk). 95% HPD intervals were assessed to ascertain uncertainty in the parameter estimates. Tree Annotator v1.8.1 was used for generating maximum clade credibility tree. Figtree v1.4.2 was used for visualising resultant tree file. Bayesian skyline plot (BSP) was constructed using BEAST program.
Ethics
The study was approved by the Institute Ethics committee (IEC) of ILBS. As this was a retrospective study of leftover clinical samples sent to virology laboratory for routine diagnosis for DENV, as per standard protocol of IEC of ILBS, informed patient consent was not required.
Results
Dengue virus typing and Envelope gene sequence analyses
C-PrM PCR revealed that all samples (13 of 13) belonged to DENV serotype 2 and a cosmopolitan genotype. Next, we amplified 1.485 kb amplicon corresponding to envelope gene from 13 DENV-2 serotype samples which were further sequenced (Genbank accession numbers: KX061419-KX061430). The percentage nucleotide identity of Indian DENV-2 E gene with that of global DENV-2 E gene was in the range of 94-99% and the deduced amino acid sequence identity ranged from 97.4% to 99.8%. Single-nucleotide substitutions were scattered randomly along the entire length of the amplicon, while insertions and deletions were absent. Transitions were more frequent than transversions with the overall transition/transversion ratio of 14.92 (209/14) . Comparison of deduced amino acid sequence of envelope showed substitution along the entire length of the amplicon. Most of these substitutions were genotype-specific, and based on these substitutions, these genotypes were segregated into specific lineages. Some of the signature substitutions in cosmopolitan genotypes using AY449677 sequence as reference were I46T, Q52H, E71A, H149N, I164V, S203D and N390S (data not shown). All 13 samples from this outbreak had a signature substitution, namely I162V reported for the first time (data not shown). Three samples (KX061428, KX061429 and KX061431) had a unique R288K change in the envelope protein.
Phylogenetic reconstruction based on 1.48 kb amplicon The 1.485 kb Envelope gene was used for reconstructing a phylogenetic tree by maximum likelihood method using the Tamura-Nei substitution model with Gamma-distributed (G) rate with invariant among sites. 149 DENV-2 serotype sequences including three sylvatic strains (as outlier) were used in the analysis with a clear delineation into five genotypes evident from the phylogram (Figure 1 ). These five genotypes were Asian-I, Asian-II, American, Asian-American and Cosmopolitan, together with sylvatic strains (Figure 1 ). Of 146 DENV-2 serotype sequences, five sequences clustered in the Asian-I, 10 in the Asian-II, six in the American, 14 in Asian-American and 111 sequences in the cosmopolitan group ( Figure 1 ). All Indian sequences reported in this study clustered within the cosmopolitan genotype with high bootstrap values (>70%). Further, based on branching pattern and amino acid sequence variation, these isolates were subdivided into specific lineages within cosmopolitan genotypes. The cosmopolitan genotype was segregated into four lineages with further sublineages based on branching pattern and specific signature changes in the envelope region ( Table 1 All outbreak sequences segregated distinctly, forming a monophyletic lineage in cosmopolitan genotype, and each of the outbreak sequences was characterised by signature amino acid change (Table 1) .
Selection pressure analysis
Site-specific selection pressure was analysed by likelihood procedures and calculating significance between null model and alternate model. Two data sets were employed as follows: the first data set consisted of lineage III sequences within cosmopolitan genotype (n = 16); the second data set consisted of all cosmopolitan genotype sequences (n = 111). Four sites were found to be undergoing positive selection in lineage III cosmopolitan genotype, namely 215D, 288R, 314K, 361K (Figure 2a) . Among 16 lineage III cosmopolitan genotypes, 13 sequences had 288R and three sequences (KX061428, KX061429, KX061431) had 288K. At position 314, all sequences except KX061427 (314K) had 314D, whereas at position 361, all sequences had 361K, except LC121816 (361R) as shown in Figure 2a . Selection pressure analysis using the second data set revealed many sites undergoing positive selection. Sites that were strongly associated with positive selection were 46I, 52Q, 61I, 93K, 131P, 150A, 162I, 181T, 254G, 288R, 308V, 321I, 359T, 360G, 361K, 443I and 491V (Figure 2b ). It is interesting to note that most of the sites undergoing positive selection are also the sites that incorporated changes while undergoing lineage shifts in cosmopolitan genotypes (Figure 1 ).
Bayesian-based molecular clock analysis
Time-based phylogenetic tree reconstruction, nucleotide substitution rates and the time to most recent common ancestor (tMRCA) were inferred from a total of 149 DENV-2 E gene-dated sequences including 13 Indian DENV-2 reported in this outbreak. Posterior probability of the tree was in the range of 0.78-1, which was indicative of fully resolved branched tree with a higher degree of confidence. The approximate age of the entire tree was estimated to be about 141. 29 
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7.34-12.81). Phylogenetic analysis using relaxed molecular clock approach revealed that the most closely related DENV-2 ancestors were JN030345 (Singapore) and JX475906 (India). The mean evolutionary rate of the DENV-2 envelope genes was 6.93 9 10 À4 substitutions/ site/year (95% HPD 5.26 9 10 À4 -8.71 9 10 À4 ).
Evolutionary demography of DENV-2 Indian outbreak data set
The Bayesian skyline plot was constructed using both global DENV-2 sequences and Indian 2015 DENV-2 outbreak sequences. Analysis using the global DENV-2 data set revealed that the number of infections remained relatively constant until the 1980s, as when there has been increase in effective number of infections until 2000s (Figure 4a ). This was followed by a decrease in population size of global DENV-2 sequences from 2000 till date; however, levels of Nes were higher in the period 2000 to till date than at the start of the plot. A similar trend was seen when the analysis was performed using Indian DENV-2 outbreak sequences. The number of dengue infections remained constant until 1996, thereafter the effective population size increased marginally until 2001-2002. This was followed by a biphasic dip with the first dip starting around 2005-2008 and lasting until around 2010-2014 after which it has stabilised till date (Figure 4b ). Levels of Nes were higher in the period post-2000 to till date than at the start of the plot, indicating that the diversity of the virus has increased.
Discussion
Delhi is a metropolitan city in the northern part of India which has become hyperendemic for DENV infection [30] . In the present study, we analysed dengue sequences from 2015 outbreak in New Delhi. Phylogenetic analysis using E gene revealed that it belonged to DENV-2 serotype and further clustered within a cosmopolitan genotype. During the first dengue epidemic in Delhi, 1996, DENV-1 was the predominant serotype [31] . Phylogenetic analysis revealed that it belonged to cosmopolitan genotype IV. DENV-2 was the predominant serotype until 2003, when for the first time all four serotypes were reported, changing it to a hyperendemic state [32] , followed by DENV-3 predominance in 2005 [33] . Within the DENV-2 serotype, cosmopolitan genotype has been reported in India after the 1974 DENV-2 infections [29, 34] . In practice, any genes of the dengue genome can be used for evolutionary analysis as the substitution rate is uniform for almost every gene; be it structural or nonstructural [35, 36] . In the current analysis, we selected the envelope region as it is known to accumulate adaptive mutations under selection pressure [35] . Sequence analysis of the 13 sequences from 2015 Delhi outbreak samples vis-a-vis global DENV-2 sequences revealed two unique changes: I162V and R288K (data not shown). 162 aa is a critical residue in the formation DI-DII hinge region in the envelope protein of dengue virus which mediates post-pH-triggered reorganisation of these two domains [37] . Two other sequences had this substitution at position 162, namely, JX475906 from India and JN030345 from Singapore. Further, three sequences displayed an R288K substitution absent from all other DENV-2 sequences. Sequence comparison using translated envelope gene revealed that each genotype of DENV-2 had a specific substitution pattern (Figures 1  and 3 ). Based on the substitution pattern, we were able to subgroup these genotypes into specific lineages (Figure 1) . DENV-2 is the predominant serotype causing infection worldwide and has often been associated with increased disease severity [38] . Whether these substitutions had any role in increased disease severity during this outbreak or not is a question that needs to be answered and warrants further studies. Lineage-based classification of cosmopolitan genotype of DENV-2 was reported by Afreen et al., but without a substitution pattern [39] . This may be attributed to discrepancy due to sample size included in the study, region of genome used for analysis (partial E gene of 574 bp) and sampling year. Khan et al. reported divergence of genotype IV into two geographically distinct sublineages: sublineage IVa, observed in South-East Asia, China and Oceania, and sublineage IVb reported only on the Indian subcontinent [40] . Ali et al. suggested subgrouping of geographically distinct cosmopolitan (C) DENV-2 isolates based on full genomes into CIa, CIb, CII and CIII [41] . We have reported lineage replacement of DENV-2 in this study. Among the amino acid substitutions identified, the I162V mutation was a consistent change that fell within domain I of the envelope protein and was observed in all 13 of the isolates studied (data not shown). This change was later identified as a signature substitution of the lineage III sequences as determined by phylogenetic analysis (Figure 1) . Each of the outbreak samples reported in this study was associated with a signature substitution/mutation (Table 1) .
Lineage replacement has been reported for different serotypes of DENV and has been associated with increased severity in dengue infections [39] . In the present study, we observed a shift from lineage IV to lineage III ( Figure 4 ). There have been earlier reports of lineage shifts caused by clade replacements resulting in the emergence of strains capable of causing more severe forms of the disease [16, 42] . Further, lineage replacement has been linked to improvement in viral fitness ultimately leading to dispersion and its transmission [42, 43] . The close similarity between the lineage III DENV-2 sequences from our study and a Singapore (JN030345) and Hyderabad strain (JX475906) is noteworthy. The signature pattern in each of the outbreak sequences reported in this study (Table 1) together with its resemblance to the Hyderabad and Singapore strains indicate that these sequences have not undergone much evolution and were lying dormant, possibly due to a population bottleneck. Further, emergence of this sequence in this outbreak suggests that the sequence was in circulation locally and required strong positive selection to overcome the population bottleneck. The I162V residue in the envelope protein, identified to be under positive selection in our study, is located within domain I of the protein (Figure 2 ). This important region undergoes pH-induced conformational change within the cell membrane [37] . R288K was positively selected when two data sets, that is lineage III cosmopolitan genotype and all cosmopolitan genotypes, were analysed.
The nucleotide substitution rate of DENV-2 viruses calculated in this study corroborates rates reported elsewhere using envelope genes [39, 44, 45] and the complete genome [46] . Our nucleotide substitution rate is within the 95% HPD interval reported by these authors. TMRCA estimation of DENV-2 viruses as whole (excluding sylvatic strains), cosmopolitan DENV-2 and Indian outbreak DENV-2 were 98, 69 and 9 years, respectively. These differ from TMRCA reported by Kumar et al. [29] and Afreen et al. [39] , however, within 95% HPD intervals.
The Bayesian Skyline Plot of global DENV-2 sequences and Indian outbreak cosmopolitan DENV-2 sequences revealed that the effective population size decreased in recent years (Figure 4a,b) . This is in concordance to the plot reported by Afreen et al. for Indian cosmopolitan DENV-2 strains which showed a decrease in effective population size [39] .
Conclusion
The evolution of a distinct lineage of DENV-2 strains on the Indian subcontinent with possible changes in endemic circulating dengue strains observed in this study might give rise to more pathogenic strains.
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